Introduction
KAT1 channel, a voltage-gated K + channel from Arabidopsis thaliana is expressed in guard cells and has been suggested to play a key role in stomatal opening by osmoregulation.
1,2 It consists of four identical subunits and belongs to the family of inward-rectifying Shaker-type channels. The electrophysiological properties of KAT1 channels that were expressed in the heterologous systems such as oocytes of Xenopus laevis, insect cells and yeast have been investigated by the patch clamp technique. 3, 4 The planar bilayer lipid membrane (BLM) method using an artificial membrane can have a number of advantages for the determination of the biophysical properties of the channel, 5 as compared to the patch clamp technique using a natural membrane. This method allows the investigator to easily set and strictly control the ionic composition of the solutions bathing both faces of the channel protein, which are essential for the comprehensive characterization of the ion-channel conduction and selectivity. This method has been applied in this work by making the BLM area smaller in order to diminish the electrical noise.
It has been reported that monovalent cations such as Rb + , Cs + and tetraethylammonium ion (TEA + ) inhibited KAT1 channel under a given range of applied membrane potential values. 6, 7 This inhibition has been explained as a channel blocker. On the other hand, we have shown an example that the magnitude of the single channel current at a given membrane potential decreased on the dependence of the species of the counter anions. The influence of the coexisting anions on the single channel current of KAT1 channel has not yet been evaluated. However, the authors have presented a wealth of detailed evidence for the similar anion transport 11 by using gramicidin A channel which is a well-known cation selective channel. [8] [9] [10] The single channel current of gramicidin A is changed by the replacement of Cl -, which is a counter anion of K + , with other anions. 8 In the present work, single channel recordings of KAT1 channel in the planar BLM system were analyzed in order to diminish the effect of these interfering substances and to elucidate the detailed ion transport mechanism by considering the effect of the counter ions.
Experimental

Reagents and chemicals
The lipids used to form a planar BLM were L-α-phosphatidylcholine (Sigma-Aldrich, Co.) and cholesterol (Sigma-Aldrich, Co.).
All other reagents were of reagent grade and used without further purification.
Preparation of BLMs
The electrochemical cell used for the electrochemical measurements with the BLM system was essentially the same as that used in previous works.
11 -15 Two aqueous phases (W1 and W2), which were each filled with about 400 μL of aqueous solution, were separated by a tetrafluoroethylene resin sheet (Du Pont-Mitsui Fluorochemical Co., Ltd.). The aqueous solution contained 20 mM Bis-Tris buffer components (pH 7.0) and a given concentration of 1:1 electrolyte salt. The BLM was obtained as a black lipid membrane by brushing a BLM-forming solution on a ca. 0.6-mm diameter aperture created on the tetrafluoroethylene resin sheet. The BLM-forming solution was prepared by dissolving 10 mg of L-α-phosphatidylcholine and 5 mg of cholesterol into n-decane in a 1-mL flask. The Ion transports from one aqueous phase (W1) to another (W2) across bilayer lipid membranes (BLM) containing KAT1 potassium channel were investigated by recording current fluctuations. KAT1 channel is a voltage-gated K + channel from Arabidopsis thaliana and has been suggested to have a key role in stomatal opening by osmoregulation in guard cells. Although KAT1 channel is a K + -specific transporter, the species of the counter anions significantly affected the level of the single channel current, suggesting that KAT1 also transported these anions. When various potassium salts were used as electrolytes, the single channel conductance decreased with an increase of the ionic radius of the coexisting anions except for F -. This indicates the existence of selective permeation for anions, but the anion-selectivity is less noticeable than the cation-selectivity. 
Reconstitution of KAT1 channel
The details of expression and purification of KAT1 channel were written in elsewhere. 16 The channel protein expressed in a Sf9 insect cell/baculovirus system was solubilized from the membrane fraction of the cultured cell. KAT1 expressed in a Sf9 insect cell/baculovirus system was reconstituted into the preformed L-α-phosphatidylcholine liposome by the freeze-thaw method, 5,16-18 described below. Fifty milligrams of L-α-phosphatidylcholine were dissolved in an adequate amount of chloroform, and it was placed in a 300-mL brown colored round-bottom flask. Chloroform was removed by a rotary evaporator to obtain a thin lipid film on the inside surface of the flask. The lipid film was suspended in 5 mL of a 20 mM Tris buffer solution (pH 7.0) containing 300 mM sucrose and an electrolyte such as KCl, KF, KBr, KSCN, KClO4 and tetraethylammonium chloride. The lipid suspension was frozen at -70 C in an ethanol bath and thawed at room temperature. These procedures were repeated several times. Then, the unilamellar liposome was prepared from the lipid suspension by using the Mini-Extruder (Avanti Polar Lipids, Inc., Catalog No. 610000). The diameter of the liposome was approximately 100 nm when the pore size of the filter of the extruder is around 100 nm. The liposome solution obtained was mixed with the purified KAT1 solution until the concentration of lipids became 20 times as high as that of the purified KAT1 solution. The mixture was also frozen at -70 C in an ethanol bath and was thawed at room temperature. The freeze-thawing process was repeated several times.
After the formation of the planar BLM in the electrochemical cell, an adequate volume of the liposome solution containing KAT1 was added to W2 by stirring to promote the fusion of the proteoliposomes with the BLM.
Recordings of single channel currents
The ion transport current between W1 and W2 across the BLM (I) was recorded when applying a constant potential difference between W1 and W2 (EW2-W1). EW2-W1 was applied through two Ag|AgCl electrodes (RE1 and RE2) that were soaked in W1 and W2, respectively, and I was measured by two platinum wire electrodes (CE1 and CE2). The current was sampled at 1 kHz and a low-pass filter with cut off frequency of 10 Hz was used. In this work, the positive current is defined as the current due to the transports of positively charged species from W1 to W2 and to those of negatively charged species from W2 to W1.
The electrochemical cell was placed in a Faraday cage in order to decrease background electric noises. All electrochemical measurements were performed using a potentiostat/galvanostat Model HA-1010mM1A (Hokuto Denko Co.) and an A/D converter Model mini LOGGER GL900 (Graphtec Co.) at 20 ± 2 C.
Results and Discussion
Single channel currents through KAT1 channel
The conductance of the BLMs ranged from 10 to 30 pS before the addition of the proteoliposomes containing KAT1 channels. The average value of the BLM area was about 3 × 10 -3 cm 2 and these BLMs were stable for a few hours. Current fluctuation was not observed even when EW1-W2 was applied.
The proteoliposomes containing KAT1 were added to W2, and the aqueous phases were stirred for 30 s. After the fusion of the proteoliposomes with the planar BLM, the current fluctuation between W1 and W2 appeared, as shown in Fig. 1 , where the broken line expresses the level of the closed (C), and the dotted line represents the open state of one channel (O), respectively.
Current-amplitude histogram of single channel activity was constructed from the data observed at 100 mV ( These values were converted in comparison with the present value. In addition, the inhibition of the conductance was observed by the addition of Cs + . Based on these results, it is reasonably concluded that KAT1 channel is reconstituted in the BLM and is responsible for the current fluctuation. When 0.3 M KSCN was used instead of KCl as an aqueous electrolyte solution in W1 and W2, characteristic current fluctuations, for example, needle-shaped waveforms of rapid flickering between open and closed states, were observed, as shown in Fig. 2 . Analyzing the histogram in a similar manner as in the case of 0.3 M KCl, the single channel conductance was evaluated as 39 ± 4 pS M -1 (Fig. S2) . The decrease of the single channel current, which is equivalent to that of the number of transferring ions, resulted from replacing Cl -with SCN -as anion species. It is thought that the needleshaped waveforms were attributed to the blocking of the channel pore with the presence of SCN -or ClO4 -.
Effect of counter ions on the magnitude of the single channel current
It has been reported that KAT1 channel is a cation-selective channel and can selectively permeate K + . 6, 7 Although the effect of the coexisting anions on the ion permeation has not yet been evaluated, some differences in the single channel conductance were observed by replacing anion species, as summarized in Table 1 . Table 1 solution. The maximum value was obtained when Cl -was used as the counter anion. The single channel conductance decreased with an increase of the ionic radius of the coexisting anions except F -. The reason why the conductance in the case of F -is smaller than that of Cl -seems to be attributed to the distribution process. These results mean that the coexisting anions also play a role in ion transport through KAT1 channels, and indicate the existence of the anion-selectivity of KAT1 channel. As shown in Fig. 2 (i) , a lot of needle-shaped waveforms (open time: 10 -100 ms) were observed when using SCN -and ClO4 -. Table 2 shows the conductance ratio of various cations to K + . 6 The characteristics indicate that KAT1 channel has a permeation selectivity for K + and other ions behave as channel blockers. The behavior in the case of anions, however, is less noticeable than that in the case of cations. Taking into account the fact that the radii of anions were much larger than K + radius, it is reasonable that K + is predominantly transported through KAT1 channel. This is consistent with the conventional notion that KAT1 channel serves as K + -selective channel.
On the other hand, it is well known that gramicidin A channel serves as a cation selective channel. [8] [9] [10] The authors have reported the effect of the coexisting anions on the ion transport through gramicidin A channel. 11, 14 Effect of the coexisting counter ions was also mentioned by Watanabe et al. and Cohen. 21, 22 Since the ion transport across the BLM involves the ion distribution process and the ion diffusion process, the pearmeability coefficient, P (m s -1 ), is expressed by Eq. (1): 23
β, D and d represent the permeability coefficitent, the distribution coefficient between the aqueous phase and the BLM phase, the diffusion coefficient within the BLM (m 2 s -1 ), and the thickness of the BLM (m). Assuming that the thickness of the BLM is constant, the permeability coefficient depends on the distribution coefficient and the diffusion coefficient. The distribution coefficient can be expressed as Eq. (2) based on the results of the voltammetry for the ion transfer between two immiscible electrolyte solutions,
where ∆G tr,i° is the standard molar Gibbs energy of transfer of the ion (i) from the aqueous phase to the BLM phase, R the gas constant and T the absolute temperature. This equation means that the distribution coefficient depends on the standard molar Gibbs energies of transfer of both cations and anions. The transfer energies of both cations and anions from the aqueous phase to the BLM phase or the channel pore phase, however, are impossible to be evaluated exactly. Using hydration energies as indications for these transfer energies, the hydration energies are known to be ordinarily proportional to their ionic radii when ions are monovalent. 25 Therefore, it can be expected that the distribution coefficient depends on the surface charge density of the ion. Although the distribution is affected by the electrical charge of the BLM phase or the channel pore phase, not only cations but also the coexisting anions are thought to be distributed simultaneously from the aqueous phase to the BLM phase in the case of gramicidin A channel, 11, 26 because it is a non-charge channel. 27 Since the pore site of KAT1 channel is also regarded as charge-free, 28 similar distribution is assumed. On the other hand, the diffusion coefficient usually decreases with an increase of the ionic radius. 29 In addition, it is understood that the pore size of the channel limits the ion diffusion within the channel. By considering the dependence of the ion permeation on distribution and diffusion, the expression mechanism of the ion-selectivity can be understood.
Conclusions
Although it has been reported that KAT1 channel is a K + -selective ion channel, it has been revealed that KAT1 channel also transports counter anions such as Cl -, Br -, SCN -etc. From the point of view of ionic radius or hydration energy, both anions and cations exhibited a similar tendency in the ion-selectivity of KAT1 channel. Due to the dependence of the counter anions on the single channel current, KAT1 channel should have the anion-selectivity in the same way as gramicidin A channel. These characteristics can be understood based on the distribution and the diffusion of both cations and anions and on the pore size of the channel.
